Typical cross sections commonly used for pretensioned precast con~ crete beams are the thin-webbed tees or channels. For beams with {ow shear span-to-depth ratio, where shear could be dominant, the presence of shear cracks may cause premature failure due to slippage 0/ the prestressing strands and alter the mode of failure.
Precast prestressed concrete structural members have become very popular due to the high-quality control that can be achieved and the saving of construction time. The typical cross sections commonly used for beams are the thin-webbed tee and channel sections.
For beams with relatively low ratio of shear span-todepth ratio, where shear stresses become dominant, initiation of shear crack could cause premature failure due to slippage of the prestressing strands. Induced tensile forces based on the truss analogy, ' " in addition to the presence of cracks, will deteriorate the bond stresses and result in insufficient development length of the strands according to the current American Concrete Institute (ACI) and Canadian Standards Association (CSA) codes.'" Slippage of the strands could alter the overall behavior and the mode of failure of such beams. Premature failure could also influence the contribution of the shear reinforcement of the various types commonly used for such beams.
RESEARCH SIGNIFICANCE
This experimental program investigates the behavior of pretensioned prestressed beams with low shear spanto-depth ratio. The study includes the effect of the sqear cracks on the development length recommended 492 by the ACI Building Code (ACI 318-83) that could lead to premature failure of such beams. Based on the test results, a proposed concept to describe the failure mode for non prestressed and prestressed members is introduced. Design recommendations for this category of beam are presented.
EXPERIMENTAL PROGRAM Test specimen
A total of nine pretensioned prestressed and two nonprestressed tee beams with identical flexural reinforcement and shear span-to-depth ratio were tested statically up to failure. The prestressed beams were reinforced with various types of shear reinforcement including two beams without web reinforcement, as given in Table I . The different types of shear reinforcement were conventional double-legged, singlelegged, and three different types of commercially available welded wire fabric (WWF). For a constant stirrup spacing s of 152 mm, * the steel area of the shear reinforcement A, was selected according to the yield strength /y and the concrete strength /: to have similar steel contributionA,/ylb.s/; as close as possible for all the beams tested in this program, where b w is the web width of the beam. All beams were designed with a nominal flexural strength higher than the shear strength. Typical dimension and cross-sectional details of the test specimen are shown in Fig. I . Material properties of the concrete and the steel used for shear reinforcement are given in Table 1 . A tension reinforcement ratio of 1.24 percent was used for all beams, and the longitudinal bars were anchored using standard 90-deg bends at the ends of the beams.
INSTRUMENTATION AND TESTING APPARATUS
Prestressing forces were measured by load cells and electrical resistance strain gages attached to the strands. The strain gages attached to the strands were moni" tored up to the time of testing to evaluate the prestressing losses. The distribution of prestress losses in the prestressing strand after 30 days of casting is shown in Fig. 2 . Measured values agreed very well with the transfer length recommended by the codesY The results indicate an average loss at midspan of 18 percent, slightly higher than the predicted value recommended by the Prestressed Concrete Institute (PCI). ' All beams were loaded with two concentrated loads, as shown in Fig. 3 , in increments of 30 kN* up to failure. At each load increment, strains of the longitudinal bars, prestressing strands, and stirrups were measured and recorded. Deflection at midspan and at load locations were also measured using linear variable deflection transducers (LVDTs). Average concrete strain and crack width were measured by demec gages arranged on both shear spans of the beam, as shown in Fig. 4 .
EXPERIMENTAL RESULTS
The loads corresponding to the first flexural crack and first diagonal shear crack V" were identical for all 
in.)
the tested beams at an average value of 70 and 90 kN, respectively, as given in Table 2 . Additional shear cracks were observed by increasing the applied load, as typically shown in Fig. 5 , for Specimen PS6-WD. Typical load deflection curves for a beam without web reinforcement, a beam with conventional stirrups, and a beam reinforced with WWF is shown in Fig. 6 .
Based on strain readings of the gages attached to the strands, it was observed that slippage of the strands occurred prematurely, as shown in Fig. 6 . After slippage, slippage should not occur before an applied load of 150 kN, which is higher than the nominal shear capacity of the beam, as given in Table 2 . However, it was found that the measured load-carrying capacity of all beams corresponds to the development length measured from the point where the large shear crack crossed the prestressing strands rather than the maximum moment location.
The two nonprestressed beams, RSI -O and RS2-WD, failed in shear as a result of propagation of the diagonal shear crack into the top flange, as shown in Fig. 7 . According to the strain compatibility and the actual embedment length e, provided for 1400-mm beams, from the maximum moment location, slippage should not occur before an applied load of 115 kN, according to Salmons and McCrate' e, = 0.337 j, + 8.0 (in.) (2) Even though the slippage load was less than or approximately equal to the nominal shear capacity of the tested beams as given in Table 2 , shear failure occurred before slippage .
The observed behavior confirms that the recommended embedment length measured from the maximum moment location is quite adequate. However, the current code recommendation for the development length for pretensioned strands should be modified to include the shear crack effect, or the length should be measured from the point where shear crack crosses the strands.
Contribution of the shear reinforcement
The presence of large shear cracks certainly reduced the provided development length of the strands, causing premature failure of all pretensioned beams. How-ACI Structural Journal I September-October 1988 To evaluate the effectiveness of the different shear reinforcement configurations used in this program, the steel contribution measured by the difference between the load corresponding to the initiation of the first diagonal crack V" and the load at slippage of strand V'IiP is compared to the calculated value V, in Fig. 8 . The calculated steel contribution was based on the truss analogy with compression strut angle of 45 deg. Fig. 8 suggests that conventional stirrups are more effective in confining cracked concrete in comparison to WWF up to slippage. This behavior could be attributed to possible enhancement of the confinement of the concrete by the conventional stirrups and/ or due to the lack of ductility of the welded wire fabric to redistribute the stresses. However, due to the premature failure of the beam rather than the shear failure, no general conclusion could be made at this stage regarding the effectiveness of the WWF as shear reinforcement. 
Shear crack width
The measured concrete surface deformation in three directions, as shown in Fig . 9 , and angle of cracks were used to evaluate the crack width Wand the slide along the crack S. The maximum shear crack widths of beams without web reinforcement and with conventional stirrups were compared to Beam PS6-WD reinforced with deformed WWF in Fig. 10 . The maximum crack width for beams with different types of WWF are shown in Fig. II. Fig. 10 and 11 indicate that the crack width was not influenced by the type of web reinforcement until yielding of the stirrups.
Shear resistance mechanism
Typical premature failure due to slippage of strands, after yielding of a few stirrups, prevented failure of the pretensioned beam in shear. After slippage, all beams exhibited large crack widths and excessive deformation before failure. This behavior suggested that failure of beams is mainly controlled by the condition of the concrete in the compression zone. Due to the difficulty in measuring the strain condition of the concrete in the compression zone, in addition to the fact that the strain is not uniform across the top flange, the deformation of the web elements was considered in this study. The overall movement of the beam based on the summation of width and slide of the shear crack in all demec measurement ranges, for specimens reinforced with different types of WWF, is shown in Fig. 12 . Specimen PS6-WD, with deformed WWF, is compared to the other conventional reinforcements, including Beam PS1-0 without web reinforcement, in Fig. 13 . Due to the limited range of the mechanical gage devices used, the total movement for some specimens was extrapolated, as shown in Fig. 14 . The behavior suggests that the strain condition of the c0mpression zone, for nonprestressed and prestressed, is unique at ultimate regardless of the web reinforcement ratio or configuration. Other parameters such as confinement of concrete, percentage of reinforcement, and prestressing effect will mainly affect the serviceability and the load-carrying capacity. of the beam before reaching a unique ultimate movement. Fig. 14 indicates also that the effectiveness of prestressing on the confinement is constant for both beams with and without web reinforcement.
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Design considerations
Based on the observed behavior and the measured, . . '_ response, tIie following conditions should be considered in designing pretensioned prestressed thin web beams:
1. The development length for the strands should be measured from the point where major shear cracks in- 497 tersect the prestressing strands rather than the maximum moment location as recommended by the codes. 2. If welded wire fabrics are used as shear reinforcements, a minimum ductility should be specified to insure adequate effectiveness similar to conventional stirrups.
CONCLUSION
Behavior of commercially used pretensioned prestressed tee beams reinforced with different types of shear reinforcement was tested. All beams failed prematurely due to slippage of the prestressing strands. Test results indicated that the development length for pretensioned strands should be measured from the point where shear cracks intersect the strands rather than the maximum moment location as recommended by the codes. Failure of two beams reinforced with nonpretensioned strands confirms the validity of the embedment length proposed by Salmons and McCrate'
Based on the behavior of prestressed and nonprestressed beams reinforced with different types of shear reinforcement, a proposed concept for the role of all reinforcement is introduced. The proposed concept may not be used directly for design but could be helpful in understanding the load-resistant mechanism of beams.
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